Single crystals of a new ternary aluminide ErV 2 Al 20 were grown using a self-flux method. The crystal structure was determined by powder X-ray diffraction measurements and Rietveld refinement, and physical properties were studied by means of electrical resistivity, magnetic susceptibility and specific heat measurements. These measurements reveal that ErV 2 Al 20 is a Curie-Weiss paramagnet down to 1.95 K with an effective magnetic moment μ eff = 9.27(1) μ B and Curie-Weiss temperature Θ CW = -0.55(4) K. The heat capacity measurements show a broad anomaly at low temperatures that is attributed to the presence of a low-energy Einstein mode with characteristic temperature Θ E = 44 K, approximately twice as high as in the isostructural 'Einstein solid' VAl 10.1 .
Introduction
Ternary aluminides RT 2 Al 20 (R = electropositive elements, T -early 3d, 4d, and 5d transition metals) crystallizing in the CeCr 2 Al 20 -type structure have recently attracted much scientific interest, due to their versatility towards the chemical composition and a variety of interesting physical properties, depending on the constituent elements.
The unit cell of a CeCr 2 Al 20 -type compound is shown in Figure 1 . A characteristic feature of this structure is the presence of large 'cages' formed by Al atoms surrounding the electropositive R atom (occupying the Wyckoff position 8a). Such cages of various shapes and sizes are also found eg. in dodecaboride ZrB 12 [1] , clathrates including Ba 8 Si 46 , Ba 24 Si 100 [2] , Ba 8 Au 16 P 30 [3] , Na 24 Si 136 [4] , filled skutterudites [5] [6] [7] and in the β-pyrochlore oxides AOs 2 O 6 (A = alkaline metals) [8] (see Figure 2 ). In these systems low-energy, large amplitude localized (related to a specific crystallographic site) anharmonic vibrations of small cage-filling atoms are observed. This 'rattling' of cage filling atoms affects thermal and transport properties of materials, resulting eg. in suppression of the lattice thermal conductivity [3, 5, 9] that can lead to an increase in the thermoelectric figure of merit (ZT) [3, 5] . The presence of 'rattling' phonons is also found to enhance the superconducting critical temperature in hexa-and dodecaborides [1, 10, 11] , β-pyrochlores [8, 12] , and CeCr 2 Al 20 -type compounds: Al x V 2 Al 20 [13] [14] [15] , Ga x V 2 Al 20 [14, 16] , and RV 2 Al 20 (R = Sc, Y, Lu) [17] . The contribution of 'rattling' phonons to the specific heat are usually well described using the Einstein model with a low characteristic (Einstein) temperature Θ E . The introduction of 4f elements into the 8a position of a CeCr 2 Al 20 structure leads to a variety of magnetic properties. LaV 2 Al 20 was found to exhibit strong diamagnetism [27] resulting from a peculiar Fermi surface [28] . CeT 2 Al 20 (T = Ti, V, Cr) are found to exhibit Pauli paramagnetism, consistent with a nonmagnetic tetravalent configuration of the Ce atom [29, 30] . PrT 2 Al 20 (T = Ti, V) are exotic superconductors in which the superconducting state coexists with quadrupolar order [13] [14] [15] [16] with the Curie temperature T C = 1.8 K and 1.7 K, respectively [35] . In SmT 2 Al 20 (T = Ti, V, and Cr) AFM transition (T N = 6.4, 2.9 and 1.8 K, respectively) was observed along with strong valence fluctuations and a Kondo effect [36] , similarly SmTa 2 Al 20 shows strong electron correlation effects [37] . EuV 2 Al 20 was found to exhibit a Kondo lattice behavior [38] and EuCr 2 Al 20 shows an AFM transition (T N = 4.8 K) due to the magnetic moments carried on in a divalent Eu ion [39] . [44] and LuV 2 Al 20 was found to exhibit a SC transition with the critical temperature T c = 0.6 K [17] . Although some of the Tb, Dy, Ho, and Er-bearing compounds are reported [45] , their physical properties remain unknown.
In this study we present single-crystal growth and physical characterization of a previously unreported ErV 2 Al 20 intermetallic. The crystal structure of the new compound is described along with results of magnetic susceptibility, electrical resistivity and specific heat measurements.
Materials and Methods
Single crystals of ErV 2 Al 20 were grown using an Al self-flux method [46] . Erbium (99.9% purity), vanadium (99.8%), and aluminum (99.99%) pure metals were put together in an alumina crucible at the atomic ratio of 1:2:90 (Er:V:Al). A frit-disc and a second crucible were used for flux separation as it is described in ref. [47] . The crucible set was then sealed in an evacuated quartz tube backfilled with Ar to dilute the Al vapor attacking the tube walls.
The ampoule was then placed in a furnace, heated at 100°C/h to 1070°C, held for 2 h, and then slowly cooled (4°C/h) to 770°C at which temperature it was centrifugated to separate crystals from the remaining flux. Crystals with sizes up to a few millimeters were obtained.
Crystals were then etched in ca. 0.1 M sodium hydroxide (NaOH) solution for a few hours to remove the Al flux droplets that remained after centrifugation.
Powder X-ray diffraction (XRD) patterns were collected on pulverized single-crystals using PANalytical X'Pert Pro diffractometer with Cu K α source. To prevent the effect of preferred orientation along the [111] direction several small single crystals were first fine ground using an agate mortar and pestle and the resulting powder was spilled onto a spot of Apiezon M grease on a sample holder. FullProf software package [48] was used for the Rietveld refinement [49] of the structure model derived from crystallographic data for GdV 2 Al 20 [41] .
Resistivity measurements were carried out by the four contact method in a Quantum Design Physical Properties Measurement System (PPMS) on a single crystal sample cut and polished into a rectangular plate. Electrical leads were made of Ø0.04 mm platinum wires glued to the sample surface using a silver paste. Magnetic susceptibility measurements were done on etched single crystals using the ACMS option of PPMS in a temperature range of 1.95-300 K. Several randomly-oriented single crystals were taken and put in standard straw sample holders. Specific heat measurements were carried out using the PPMS Heat Capacity option by means of the standard 2τ relaxation method. Figure 3 presents the powder XRD pattern collected on pulverized single crystals of ErV 2 Al 20 along with a Rietveld fit to the data. Analysis of the diffraction reflections showed that the sample contained approx. 2 wt.% of Al that remained after etching in NaOH solution. Figures of merit:
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Electrical resistivity
Resistivity of ErV 2 Al 20 shows metallic-like character as it is shown in Figure 5 (a). Since the single crystal used for measurements was cut and its surface was polished, the contribution of Al flux spots to the sample resistivity can be considered negligible. The low-temperature resistivity was found to show a complex character that cannot be fitted by simple models (see Figure 5(b) ). The unusual Tdependence of resistivity results from the presence of a low-energy Einstein phonon mode (see the Specific heat paragraph below). It was shown by J.R. Cooper [53] that the contribution of an Einstein mode to the resistivity can be described using an equation:
where M is the mass of the oscillator, N is the number of oscillators per unit volume, K is a parameter dependent on the electron density and the strength of the coupling between electrons and local mode phonons, and Θ * E is the characteristic temperature of the Einstein mode (Einstein temperature). While this equation was successfully used for fitting the resistivity data of 'Einstein solids' VAl 10+x and Ga x V 2 Al 20 [16, 53] , in the case of ErV 2 Al 20 it was necessary to include additional terms, as is shown in Eq. 2:
where ρ 0 is a residual resistivity arising from both crystal and spin lattice disorder, BT 5 describes the resistivity resulting from electron-phonon scattering in the low-temperature limit and AT 2 accounts for electron-electron scattering. The fit yields the residual resistivity ρ 0 = 13 μΩ·cm, the electron-electron and electron-phonon scattering coefficients A = 2.7(4) · 10 , where the presence of structural disorder was speculated [17] , however, when comparing ρ 0 of magnetic and non-magnetic compounds it is important to take into account the effect of spin disorder in the former. Taking the ρ 0 value from the fit, a residual resistivity ratio RRR = ρ(300 K)/ρ 0 ≈ 6.3 is calculated, suggesting a relatively good sample quality. 
Magnetic susceptibility
The temperature dependence of dc susceptibility χ(T) at 1 T field ( Figure 6 ) is found to follow the Curie-Weiss law (eq. 3):
where C is the Curie constant, θ C-W is the Curie-Weiss temperature and χ 0 is the temperatureindependent contribution to the susceptibility (coming both from the sample and a sample holder). Figure 5 (b) shows an inverse susceptibility vs. temperature plot emphasizing the Curie-Weiss character of magnetic susceptibility. The χ(T) data were fitted using the relationship given in Eq. 3. The Curie constant is related to the effective moment μ eff associated with the magnetic ion as shown in eq. 4:
where N A is the Avogadro number, μ B -Bohr magneton, and k B -Boltzmann constant. Values extracted from the fit are gathered in Table 2 . The obtained effective magnetic moment (9.27 μ B ) is close to the value expected for a free Er 3+ ion (9.5 μ B ) [54] and a small difference may be explained by both trace amounts of Al in the sample and effects of the crystal electric field. The close to zero yet negative value of Θ C-W suggests the presence of only very weak effective interactions between Er 3+ magnetic moments. The field dependence of magnetization (see Fig. S2 of Supplementary Material) shows a saturating character at low temperature (2 K), as expected for a Curie-Weiss paramagnet.
Results of ac magnetic susceptibility at low constant field H dc = 5 Oe (B dc = 0.5 mT) show no sign of a magnetic transition down to 1.95 K (see Figure 6 (c)). 
Specific heat
The specific heat of ErV 2 Al 20 single crystal in the temperature range 1.95-30 K at zero magnetic field is shown in Figure 7 . Two anomalies are seen in the C p /T vs. T plot: the first one below 5 K, attributed to the Schottky anomaly and second between 5 and 20 K, attributed to a low-energy Einstein phonon mode, observed in the isostructural 'Einstein solid' VAl 10.1 [13, 15] .
The experimental data are fit with a function including electronic, phonon and Schottky contributions:
where γ is the Sommerfeld coefficient, β is a phonon specific heat parameter, Θ E is a characteristic temperature of the low-energy Einstein mode, n is the number of atoms per formula unit, R is the gas constant, and A, B are fitting parameters. The Schottky term is described using a simplified, hightemperature limit formula. [17] , may result from an insufficient modelling of the Schottky heat capacity contribution, however some enhancement of γ is possible due to the electron-phonon coupling. The Einstein temperature obtained from the specific heat fit (Θ E ) is higher than obtained from resistivity results (Θ E * ) by ca. 20%. Such underestimation of the Einstein temperature in resistivity fits was reported previously for VAl 10+x and Ga x V 2 Al 20 compounds [16] .
In order to confirm the lattice origin of the anomaly attributed to an Einstein mode, specific heat measurements were performed in magnetic fields of 0.5-9 T (main panel of Figure 8 ). The Schottky anomaly is shifted towards higher temperatures with an applied field due to Zeeman splitting of the Er 3+ energy levels, while the anomaly attributed to the Einstein mode is not affected. Figure 8(b) shows a fit to the specific heat at 0.5 T yielding the same Einstein temperature as obtained from the fit in zero field Θ E = 43.8(5) K. At higher magnetic fields the Einstein contribution to specific heat is already obscured by the large Schottky anomaly. In a simple Debye model the β coefficient is related to the Debye temperature Θ D :
The estimated value of Θ D = 370(1) K is comparable to the value reported recently for UNb 2 Al 20 (381 K) [55] , but significantly lower than obtained for RV 2 Al 20 (R = Sc, Y, La, Lu) for which the Debye temperature is in the order of 500 K, and for UCr 2 Al 20 (474 K) and ThCr 2 Al 20 (457 K) [56] . This difference may be explained by both the effect of low-energy modes and systematic error in estimation of β parameter caused eg. by applying the low-temperature ~T 3 expansion of the Debye specific heat in too wide temperature range.
The fitted parameters B and γ were used to obtain a lattice specific heat (C lattice ) by subtracting the specific heat of the Schottky and electronic term from the experimental data. The results are shown in Figure 9 . The peak at approx. 8. Figure  1(b,d) ). In order to clarify this, phonon structure calculations or inelastic neutron scattering experiments should be performed. 
Conclusions
Single crystals of the previously unreported ErV 2 Al 20 compound crystallizing with the CeCr 2 Al 20 -type structure were successfully grown using the flux-growth technique. The crystal structure of the new compound was studied by means of powder X-ray diffraction and Rietveld refinement.
Magnetization measurements show Curie-Weiss paramagnetic character with an effective magnetic moment μ eff = 9.27(1) μ B close to the expected value for trivalent Er +3 ion. The Curie-Weiss temperature Θ CW = -0.55(4) K is close to zero suggesting very weak effective interactions between Er 3+ magnetic moments.
Specific heat measurements show a presence of two anomalies at low temperatures: while one, sharper, is attributed to the Schottky anomaly, the second, broader, is found to arise from the presence of a low-energy Einstein mode (Θ E = 44 K), probably associated with the large amplitude vibrations of either Er(8a) or Al1(16c) atoms positioned in oversized cages. Therefore, ErV 2 Al 20 is a new aluminide cage compound in which the 'rattling' effect is observed. Further studies, including phonon structure calculations and inelastic neutron scattering experiments, will be necessary to shed light on the origin of the low-energy Einstein mode. An interesting question to study is also how the 'rattling' of paramagnetic lanthanide atom affects the magnetic properties of the material.
